Fermi National Accelerator Laboratory

bt

FERMILAB-Conf-97/406

From Symmetry Violation to Dynamics: The Charm Window

Jeffrey A. Appel

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510

December 1997

Published Proceedings of the International Conference on Physics Since Parity Symmetry Breaking -
Conference in Memory of Prof. C.S. Wu, Nanjing, China, August 16-18, 1997

Operated by Universities Research Association inc. under Contract No. DE-AC02-76CH03000 with the United States Department of Energy



Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors ezpressed herein do not necessarily state or reﬂeci

those of the United States Government or any agency thereof.

Distribution

Approved for public release; further dissemination unlimited.




FROM SYMMETRY VIOLATION TO DYNAMICS:
THE CHARM WINDOW

JEFFREY A. APPEL
Fermilab, PO Boz 500, Batavia, IL 60510 USA
E-mail: appel@fal.gov

C.S. Wu observed parity violation in the low energy process of nuclear decay. She
was the first to observe this symmetry violation anywhere. Yet, her work taught us
about the form and strengths of the couplings of the massive weak boson. Today,
we use the same approach. We look for very much higher mass-scale interactions
through symmetry violations in the decays of charm quark systems. These charm
decays provide a unique window to new physics.

1 Introduction

The Standard Model of particle physics is widely hailed for its many successes
in summarizing experimental results. It is used to guide our thinking about
what accelerators to build and what experiments to pursue. However, there are
some very important questions which the Standard Model does not address.
How is electroweak symmetry broken? Why are there three generations of
quarks and leptons? Why is there such a stong matter-antimatter asymmetry
in the universe? These are examples of questions whose importance is manifest,
yet whose answers appear to lie beyond the purview of the Standard Model.

Many physicists believe that the answers to the above questions and others
may lie at mass scales beyond those that can be reached today. One approach
is to build ever more energetic accelerators in pursuit of these mass scales.
Another is to look at precision measurements and at rare/forbidden processes
where very high mass scales can be probed through the contributions of vir-
tual states. This paper focuses on the latter approach, examining the unique
window of opportunity in charm decay. Symmetry violations due to dynam-
ics may be seen in searches for CP violation, particle-antiparticle mixing, and
rare/forbidden decays. In each of these areas, there is a gap between current
measurements and where Standard Model effects could mask new physics.

It is appropriate to consider the breaking of symmetries in otherwise
rare/forbidden processes as we meet in memory of C.S. Wu and celebrate
her contributions to physics. Her discovery of parity violation is an excellent
example of apparently forbidden interactions giving insight into fundamental
processes at a much higher mass scale. After all, it is the existence of two
couplings by the massive W boson which is responsible for the low energy
cobalt-decay parity violation observed in Wu’s famous experiment.

1




1.1 Uniqueness of Charm as a Window for New Physics

Among the ways to search for evidence of new physics, we will look at one
particular window of opportunity, charm decay. It is a window in the sense
that there are orders of magnitude between the current limits on rates for
several symmetry violating modes and the level where Standard Model effects
are expected (Table 1). Within this window, there is sensitivity to a range
of extensions to the Standard Model - nearly the whole gamut of proposed
extensions - from Higgs to supersymmetry to technicolor and other effects!®

The charm quark is the only quark with charge plus 2/3 that is both
unstable and yet survives long enough to bind with other quarks and form
observable particles. Thus the charm quark provides a unique way to discover
effects that occur only in the up-quark sector — effects that might never be
observed by studying the down, strange, and bottom quarks, which all have a
charge of minus 1/3.

Many effects are predicted by the Standard Model for the down-quark
sector and are sought there. These effects are predicted to be small or negligible
in the charm quark case. Therefore, non-Standard Model effects can show
themselves in charm without being masked, an advantage that may not exist
for the down-quark sector. Thus, the charm quark is potentially the only route
to some kinds of physics beyond the Standard Model.

1.2 Ezponential Growth of Sensitivily in Charm Physics

The sensitivity to new physics in experiments depends on the number of de-
cays observed for a given branching rate, and the cleanliness of the signal. The
first measurements were dominated by experiments at eTe~ colliders. How-
ever, the last twenty years have seen an exponential growth in the numbers
of reconstructed charm in fixed target experiments at Fermilab, and a corre-
sponding improvement of signal to noise (Figure 1). The growth has been a
factor of 100 per ten years, i.e., typically a factor of ten for each new cycle
of experiment. The most prodigious sample of observed charm particles in
a single experiment so far contains over 200,000 reconstructed charm decays
in the most copiously reconstructed, fully-charged decay modes. The highest
sensitivity measurements in charm decay now come from the Fermilab fixed
target program. Experiments just completing their data taking at Fermilab
should reach one million reconstructed decays.
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Table 1: Window to new physics in charm decay.

Topic 90% CL Limit | ref i:i' d?f;i:l ref Ngyl\‘/’[f;ih
Direct CP Violation
DY - K—xt -0.009<a<0.027 | ! & 0 (CFD) SUSY,
D% » K—xta—xt =~ 0 (CFD) LR Sym.,
D® — Kt~ %~ 0 (DCSD) Extra
Dt - Ktatx— ~ 0 (DCSD) Higgs
D° — K-K*t -0.093<a<0.073 | 2
-0.028<a<0.166 | 1!
D° — xtax— -0.186<a<0.088 | 2
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Dt = p—ptut 5.8 x 10~* 10 0
Mixing
5% KFat r < 0.0037 15 LQ, SUSY,
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Figure 1: Exponential growth in the numbers of reconstructed charm in fixed target ex-
periments at Fermilab. The symbols represent the beam particle types, positioned at the
number of reconstructed charm decays and the year the data were taken.

Table 2: Exponential growth of charm sensitivity and data acquisition parallelism in the
series of four experiments at Fermilab’s Tagged Photon Laboratory; the first two experiments

with 4 beams, the second two experiments with secondary, charged hadron beams.

Time Exp. | # Data # # Output | # Events on Data Set # Recon.
Frame # Streams | CPUs Streams Tape x10° Size - GBy Charm
1980-2 | E516 1 1 1 17 50 100
1984-5 | E691 2 1 1 100 400 10,000
1987-8 | E769 7 17 3 400 1500 4,000
1991-2 | E791 8 54 42 20,000 50,000 200,000




2 Techniques Leading to Fixed Target Charm Capabilties

The achievement of million-decay levels is remarkable because, at fixed target
experiments, charm is produced only about once in every two hundred photon-
induced hadronic interactions and once in every thousand hadron-induced in-
teractions. Furthermore, only about a half percent of the charm decays is
reconstructed in these experiments. The search is made even more tedious by
the use of more stringent final event selection criteria which further reduces the
sample used to obtain the published physics results. The earliest attempts to
observe open charm in fixed target experiments failed. The next round of ex-
periments tried to select potential charm events at the time the data were taken
using sophisticated trigger processors. More recently, many experiments have
turned to simple on-line event selection, leaving sorting through vast amounts
of data to later, off-line analysis where sophisticated tracking and vertexing
algorithms and final alignment and calibration can be applied.

The cleanliness of the signals comes from the very nature of the fixed tar-
get environment. Charm particles are produced moving in the direction of the
incident beam. The charm particles live long enough, about 1 picosecond on
average, that the location of their disintegration is separated from the point
where they were produced - typically a few mm in the laboratory. This separa-
tion can be observed, but requires precision measurement of the trajectories of
the decay products, with a minimum of material in the way. Depending on the
decay mode of the charm particle, cleanliness will be improved by identifying
the decay particle types as well. In the ete~ machines used to study charm
so far, the charm particles are produced at rest, or moving very slowly. Thus,
the point of decay usually is indistinguishable from the point of production.
This makes it difficult to select only those interactions which contain charm
particles, and impossible to examine only those particles in the event coming
from a single decay. One must look at all the particles in each event, producing
many uninteresting combinations in the search for charm particles.

To illustrate the use of improved technologies in charm experiments, I will
cite the series of experiments at Fermilab’s Tagged Photon Laboratory. This
choice is natural for me since I am most familiar with it. However, the choice is
made also because the experiments there have been among the most energetic
in applying the new technologies.

The precise trajectory determinations required to provide the reconstructed
?event” topologies are made with silicon microstrip detectors (SMDs), first in-
troduced into Fermilab experiments for the 1984-5 fixed target run by Exper-
iment E6912° On the left of Fig. 2 is the graphical history of the production
and decay of charm particles in one event, reconstructed once the trajectories
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Figure 2: On the left, the history of production and decay of charm particles in one event
in Fermilab Experiment E691. On the right is the scatter plot, from many such events, of
the effective mass of candidate decay particles vs the separation between the production and
decay points measured in units of the rms uncertainty in this separation.

of the particles in the event and the particle identities are known. In the event
shown, decays of two charm particles are observed and can be projected back
to a common production point, also marked by the trajectories of additional
particles.

The more certain we are of the existence of the separate decay point and
that it is in the anticipated range for typical charm lifetimes, the more certain
we can be of having observed a charm particle. This is seen on the right of
Figure 2, again from E691. The scatter plot shown there has one dot for each
observed candidate decay, plotted (horizontally) at the value of the effective
mass of the candidate decay particles and (vertically) at the separation between
the production and decay points measured in units of the rms uncertainty in
this separation. There is a clear concentration at the effective mass of a D°
meson (1.865 GeV/c’) with large certainty of production/decay separation.
Projecting the events of the scatter plot onto the mass axis leads to the mass
distributions seen in Figure 3. The tighter the requirement on separation
certainty, the clearer the signal above background. In obtaining final results,
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Figure 3: Projections onto the mass axis for increasingly greater certainty of the separation
of production and decay points for the events of the scatter plot in Figure 2.

experiments choose their selection criteria such that the error on the physics
result is smallest. This is a balance between obtaining the largest number of
decay events and the cleanliness of the sample. The cleaner the final sample,
the less the contribution to the final error due to estimating the “background”.

In additon to silicon microstrip detectors, other new technologies have
been required to achieve the improved results. These have included inexpensive
magnetic tape storage for large amounts of data, and massive parallel computer
systems. Over the last fifteen years, the raw data from fixed target experiments
has grown from a few gigabytes to over fifty thousand gigabytes (Table 2).
E516, E691 and E769 used open reel magnetic tapes, but E791 was able to
take advantage of a new medium, 8 mm video tapes. A single density 8 mm
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tape can hold the equivalent of thirteen open reel tapes. A typical weekend of
data recording in experiment E769 resulted in a forklift worth of tapes. In the
next series of fixed target runs, a comparable amount of data was recorded in
three hours by E791, and stored in a tray of tapes easily held in one’s arms.

The speed of an individual tape writing device for the 8 mm tapes is rather
slow. So, the tape writing in E791 was done by an assembly of 42 tape drives
writing events out in parallel. The data acquisition architecture supported this
parallelism not only in tape writing, but also in the accumulation of data from
the front end electronics.

Greater economy in off-line analysis computing was required to handle the
massive new data sets. Parallelism was also used to achieve this. It was charm
experiment E691 which first used massive parallel-processing computer systems
at Fermilab in this way. At that time, home-built, single board computers using
commercial CPU chips and home-built control software were used?! Later, in
time for E769 and other users, commercial workstations were tied together

with home-built software22

3 Searches for New Physics: Looking Through the Window

What new measurements do the technologies of the previous section make
possible? Among the most interesting measurements with a view towards new
physics are the search for violation of the CP symmetry, rare/forbidden decays,
and particle-antiparticle mixing.

3.1 CP Violation

The violation of CP symmetry is most notably observed in the macroscopic
preponderance of matter over antimatter in the world around us. In the labora-
tory, microscopic CP violation has only been observed in neutral kaon decay.
Although there is a Standard Model explanation for this laboratory viola-
tion, the Standard Model cannot explain the origin of the observed matter-
antimatter asymmetry around us. Most scientists believe that the Standard
Model falls shy by many orders of magnitude. Thus, it is important to look
for CP violation outside the Standard Model. Standard Model predictions for
the charm system are very small, leaving a window for the discovery of new
physics.

To see why the charm sector may be a good place to look, we need to
examine the way CP violation might appear. It requires the interference of two
amplitudes. One of these amplitudes would be for a Standard Model process.
However, the second may be due to a process from new physics. Thus, for

8




example, the appearance of SUSY particles or extra Higgs particles in virtual
loops leads to beyond-the-Standard-Model amplitudes.

The largest asymmetries will arise when the interfering weak amplitudes
have comparable magnitudes and a large relative phase between them. There
is also the need for different strong phases in the final state. Consider a generic
pair of such amplitudes for particle decay to a specific final state f:

A= Age’t + Azet® (1)

where §; is the strong phase and the amplitudes A; are the weak decay am-
plitudes. The CP conjugate amplitude for antiparticle decay to final state f
is:

A = 4,60 4 A6 (2)
An asymmetry a results when

— |A|2 - |Z|2 — 2|A1||Zglsin(01 - 63)3i’ﬂ(61 - 63)
| A2 + |42 |A1)? + |A3|? + 2] As]|Az|cos(81 — 03)cos(61 — 63)

3)

is nonzero. This asymmetry is largest when the two amplitudes are of com-
parable size, and when both the strong and weak phase differences [(8; — 6;)
and (6; — 63), respectively] are large. Charm is specially interesting in that
the final state decay particles appear in a region of phase space which has sig-
nificant resonant structure, leading to large final state phase shifts §;. There
is also ample evidence that final state interactions are large for D decay. One
example is the factor of two difference in the K+ K~ and #+#x~ decay rates of
the neutral D meson. The neutral dikaon decay rate is also very different from
the charged dikaon rate. In both cases, the symmetries of weak decay lead to
expectations of near equality. Furthermore, the case of singly Cabibbo sup-
pressed decays is particularly relevant since the spectator amplitude provides
a size appropriate to creating large asymmetries, even though the overall rate
is reduced.

Tables 1 and 3 show the most recent CP violation limits in D decays. There
is a window open for non-Standard Model effects. However, we are just now
reaching the experimental capability where Cabibbo-suppressed decay modes
have sample sizes large enough and with sufficient signal to noise that the
constraints will truly limit non-Standard Model possibilities. Furthermore,
the open window for new physics here is only a couple of orders of magnitude,
making it possible to approach Standard Model effects in a new experiment.
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Table 3: Summary of CP violation limits in charged and neutral D decay from Fermilab
experiment E791.

Decay Mode a 90% CL Limits (%)
D° K- Kt |-0.010+0050| -93<a<7.3
D® - gtx- -0.049 £ 0.084 | —18.6 <a<8.8
Dt S K-K+rt | -0.014+0.029 | -62<a<3.4
Dt — gt 0028+ 0.036 | —87<a<3.l
D+ - K°(890)K+ | -0.010 £ 0.050 | —-9.2<a< 7.2
Dt s a-atat | -0017+0.042| -8.6<a<5.2

3.2 Forbidden Decays

Flavor changing neutral currents are forbidden in the Standard Model at the
tree level. Furthermore, higher-order charged-current processes are highly sup-
pressed. Thus, searching for such forbidden decays is another good place to
look for physics beyond the Standard Model, especially when the number of
decays examined is large.

The best limit so far on such charm decays comes from experiment E771
at Fermilab and WA92 at CERN. Their published 90 % CL limits 7> 8 for
D°® — ptu~ are both 4 x 10~8, While these are significant limits, predictions
from Standard Model and non-Standard Model effects both are smaller by a
factor of (M,+/Mpo)? due to helicity suppression of the decay. Potentially
more interesting are the three body decays also listed in Table 1.

We can get some sense of the mass scales being probed in these three body
decays by comparing with measured weak decays. Considering the similarity
of the tree-level diagrams, we can make comparisons for strange, charm and
beauty decays via exchanged neutral vector particles (Fig. 4). Assuming that
the matrix elements for the standard W-exchange diagram and H°-exchange
diagram are the same, and that the coupling is the same as the weak coupling,
present upper limits from charm reach sensitivities into the hundreds of GeV as
listed in Table 4. The calculation is summarized in Eq. 4, where h represents a
neutral or charged hadron, M represents matrix elements for the processes of
interest, and m represents masses of the exchanged particles in those processes.
Similar equations can be written for charged K and B mesons.
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Figure 4: Tree-level diagrams for decays via exchanged neutral vector particles.
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3.8 Particle-Antiparticle Mizing

There are opportunities to observe mixing in each of the ground state neutral
mesons, from K° to D° to B§ and BY. The charm DP° is unique among these
in that the usual box diagram process (Fig. 5) of the Standard Model gives
miniscule predictions for the mixing rate. Due to the fact that the very massive
top quark does not participate in the loop, the CKM elements are small, and
the GIM mechanism 23 cancelation is effective. Thus, the Standard Model
predictions are at the 10~% to the 10~1° level!” Even long range effects are
now thought to be small2®

Fortunately, the experimental situation is also propitious. We use the D**
and D*~ with their respective decays to D°r* and D°r~ to obtain a well-
understood sample of produced D° and D°. The sign of the decay = identifies
the particle/antiparticle nature of the D at birth. The particle/antiparticle
nature of the D at its decay is determined by the sign of its decay kaons and
leptons. In fixed-target experiments, the proper lifetime is obtained from the
separation of the production and decay points and the measured momentum of
the D. Thus, we can follow any mixing induced particle/antiparticle oscillation
as a function of proper time.
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Figure 5: Box diagram for particle-antiparticle mixing in the Standard Model.

Table 4: Mass scales probed in searches for lepton number violation.

Decay Mode | 90% CL Limit | Implied Mass Limit
Kt o atute 2 x 10-10 Mo > 9 TeV
Kt s axtuet 7% 10°° Mpygo > 4 TeV
Dt — rtute’ 1x10~* Mpygo > 410 GeV
Dt — Ktpute¥ 1x10-* Mgo > 220 GeV
Bt — xtputeT 6 x 103 Need T'(B — huv)
Bt — Ktute¥ 6 x 103 Need I'(B — huv)
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This last capability is especially important in the case of hadronic decays

of the D° /50. A mixing signal can be masked by production of the same final
state via doubly-Cabibbo-suppressed (DCS) decay. However, DCS decays have
a simple exponential decay probability while a pure mixing signal will grow
with time for short times. The rate for a pure mixing signal is proportional
to the product of the square of the proper time and an exponential, since it

takes time for a D° to turn into a D°. There is also the possibility that the
mixing and DCS amplitudes will interfere, giving a term in the rate propor-
tional to the product of proper time and an exponential?* The final result
requires a likelihood fit over the observed D° mass, observed D*° minus D°
mass difference and proper decay time. Depending on how general one allows
the model of CP violation to be, uncertainties can vary by factors of three,
with corresponding variations in the upper limits reported!® For semileptonic
decays, the situation is simpler. There is no doubly-Cabibbo-suppressed decay
to confuse measurements. The upper limits now available are of the same or-
der as those from hadronic decays. ® Again, a large window is open for new
physics discovery in charm decay.

4 Prospects and Conclusions

Given the remaining windows for new physics in charm, what is possible? Have
the present technologies run their course for fixed target charm? The CERN
COMPASS fixed target experiment is pushing ahead in an external beam line.
Another possibility is that the HERA-B fixed target experiment using internal
wire targets in the HERA circulating proton beam will push yet further with
charm. However, the focus on B physics leads to active attempts to avoid
charm event data. Will enough charm sneak through the event selection to
push the charm frontier? The ete~ B Factories also will be copious sources of
charm data. Willthey catch and surpass the fixed target lead? The asymmetric
et e~ machines will have some of the same long-flight-path advantages of the
fixed target environment. Here in China, active plans for a Tau-Charm Factory
remain uncertain.

The most promising combination of production rate and long-flight-path
comes from hadron collider experiments (BTeV at Fermilab and LHC-B at
CERN). These experiments, while focused on B physics, also are being thought
about now for charm. I am happy to note here in China that research groups
from Nanjing University (T.Y. Chen), Shandong University (M. He), and the
China University of Science and Technology in Hefei (X.Q. Yu) are partici-
pating in the BTeV effort. Such a collider-charm direction might provide a
new chapter for charm, and continue the twenty-year exponential growth in
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useful charm decays observed. Such improvement will be necessary to make
a significant step in charm physics. It may be that just such a step will pro-
vide a discovery explaining parts of our world we cannot now understand. It
would be nice to know what happened to all the antimatter in the universe,
for example. And, why are there three generations of quark pairs?
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